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Summary 

tecttMties p j, Om member of tfiis .si^amiffy, TOPftflSi. 
functflcmsjra (taste receptcrcells and has been reported 
to be activated through G .proMv^ctojpSed rocoptbrs 
linked to phosphollpase C jjz, 3J. However, the .specific 
mechanisms reguOatti'ng TOPERS heive not keen de- . 

arotono* 

.• vatort^spjeorflc 

cc^ucta^ce. raPR/iSdoes itt^^^^S^^^^^ 
tMty- Rather* {4i$-act3va4ed ^ ^mulallion a receptor 

-oh' a rfe© -.to. jCo** [IttWBft Wty activated &y 

•chaiinsV'l^ 'titsf^^ 
rapjd||bafc^^ 
: tiorsti^ 

/ <^*-actiEva2ed monbvaEe^-se^e^^ 

: wraji sJower i&Saratib^ ib* 
©sther. the data; o^ W ifete ate -tfe - 
(repre^rik fte;fiM-j&^ 
C^^ctfiwat^ 
. TO© vbttsig© • modiMaicpn i @trtd :: - grb^3I(3 : . i^^t^s : :p : rbvi<^ ' , 

• psftmg on ^signafin^. i^^steTeoEptors ain^ b;ther;eKcr£- ' . 
'■ abtooetis,. 

Results and Discussion 

The transient receptor potential (TRP) superfamily com- 
prises multiple subfamilies off cation channel subunits, 
eacftof which is conserved from C. e/egans to mammals 
PJ. These include the canonical classical TttP chan- . 
ne!s jrrRPC):C5f % vi^icfiare highly related to the super- 
family's founding member, Orosophtla TRP: [7]i 
Which are activated trumigh receptors coupled to phos- 
pholcpase G (PLC) (4], The rniBFmber> ;irt : »^Bioest-TOP 
subfamily, TRPSW, display highly unus^l and diverse 
modes of activation,^ 

^rtBSpoodence; <^nonteil@|hml^<Ju 



lions (t]. These members Include TRPM2, TRPM6, and 
TRPWi whfch consist of C-tenminaOy Bnked enzyme 
dort^alns. Another TRPtVJ ; member, THPM4 K Is a hdnW 
lecki^elc^onch 

is a ; Ca^*a<#vate& nor^lec^ve cation channel (CAEs!) 
[9] that displays properties similar to mose origiriaHy 
d^cribed in pancreatic acinar cells and cardiac cefis 

At least two TRPM proteins function in sensory physi- 
ology; TRPM8 is actf^^ 

13] fl ajid TBPiV£^ receptor 
c^lls, is recsuired for #&!a^ TFflPSVJS 
hai tjeen reported: to/c^ 

■ be activated ^ 

^signalihQ pathway % 

TWRte & ac$vat^ mecha- 
nism £2|, afth^h a 

TRPM5 activation is independent of Ca^VlP* and store 
depJetipti the rftdchaiilsrh of TRPM5 activation 

is unclear and b the focus of the current report. 

Jn addition to taste receptor cefis, TOPiWS RNA is 
detected in a variety of tissues, Eluding the small intes- 
tines, liver, lungs, testis, and bratru To isolate mouse 
TOPM5 WE&KfS, l^j^9a^r^Pt^^ usmg RMA 

: prepa^^ tissue. We 

obtained a cDNA en^ln0 a predicted protein of 1158 
amino ari^ to the pro- 

vibiisry reported s^ 

To ch£r^e^ 
pressedTTiPMS^ 

, coupled rec«^ 
coufii^ &ittro< transfected 

c^si^mii^ 

re^ Jff^ « iQ/i^H6}^^Q^lr 

catic^ c^ htstamme ^ induced . 

.' :rajp^ djacB3P^-;4b 

l^^dt^j^ smaQer his^mine-lnduced currents 

. rrojrini rapid time course 

v !of:tiw- : !Niris^ observed in 

s^^^ cetl^tt^c^ mo4e 

(Figure 1C; n - 6), channel events wera observed 
in control ceBs that did not express TRPiVJS (data hot 
shown). TRPi^35 was also activated upon addition of 
ATP, which stimulated the: endogenous P2Y receptor, 
although tr^a^ with histamine 

(Figure St in me Supplern^n^ 
arrJcie online), presurnably due to hijgrter expresslcn off 
me transfected H, hi 

In orb^ to deterr^ onset, activation, 

ai^inact^ 

:iieu8 : ;th^h;:a '|^e^:p|j^;jri;^1 vicihity of 

trtei^.M 

of the currents 1B) ( a fetency 

similar to tfiiai ij^tkA^ ace^cholirte- 
Jir^Mc^ai: curire^ts ft parioreatio ' acirtar celfe tiCfji ^0 
time^cpurse of theise transfem currents coutd be fit hy 
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Figure 1. Recep^or-Ntecflated Activation of Mouse 7TO*M5 
' (A) Induction oi a tr ansi e nt rustamine4n&jced current in TRPM5- 
expressfog 293TcolIs. A cefl expressing TRPM5 and the Hi histamine 
receptor Oifo lower tra^.^a 
pcDls^ and 1r» HjR 

histamine th^Jiact the tirjfev an? the ' whoWcsetl re- 1 . 

cortBngs- generated from W TO 

^:.h»*. 7/7 

(B) The TRPMS«*epeftf ent current is rapidly Induced by htetaniJne. 

Shown Is a Wrkrte^TRPW trqmie^ 

cation of liiBlBn^.0ib:^:6ti^li^a tfuf^plp^ 

art tirndscaie^^ 

■;.=■•* 7-. V' 

S^Jh^lfc^ fri ,tr»; ioe^^ : «i ; 

60 ni\0 generated ;$©m TBPMS^jro^sing O0fba : :.8tbuMea : ;i(Ah- ' ! 
100 jUto =^ olsiJi^.^;^ 
epf^reni :prd^ 

right were obtairied frw ^ pomte lrt(S<^t^ 
. (D) Tlm»KKMirse ofthfi whe 

■ ■ 293T cell waa jperfuced with 10 |M tla^ cu>r^ 
at 2 s intervals (V b * 60 [c^tsjor -00 rnVje^ 
was Included In the pipet solution. The tower panel snows aTRf*M6y : 
expressing 293T ceQ stimulated with 1 0 ftM except that [Ca**J, 
was buffeted to 300 nM wtth lO mM BAPTA. 
(3 Hl&tarniho4nd^^ current In a f RPM5- 

expressing 293T cefl (V h « -60 rtiV). The cefl was perfused 
with standard pipst solution containing 20 |*M EGTA. The histamine 



theprbduct of twoe^ activation 
time; ebnsiar^ The rapid irwctivatiori/ 

deactivation of the Inward current had a time constant 

(Syeti <0dL was actuated by a receptor cou- 

p led to Gdq» we investiga^ activation mechanism 

$iwi^^ 

senc^of^ 

;:pe^ ao^nopho^n A, apoterrt 

activator oif IP* receptors ^ 

strongry^ 

300 nM free>-Ca* + concentration), the IPs-mediated act)- 
vatton of TRPM5 was abolished (Figure 1 D, lower panel; 
n = 3), The rapid histamfne r induced activation ofTRPM5 
was blocked by the IP^recoptor inhibftor, heparin, aJ- 
though after along delay the celts displayed large, slowly 
activating and slowly, inactivating currents (data not 
shown). Addition of a SERCA inhibitor (thapsigargin) re- 
suited in a tiansieM 

than that derated With IF* indicating that passive re- 
lease of Ga^ + was inefncient in activating TRPM5 (Sop-, 
; plementaj Rcjure J2}± Tc^ther th^se data indicate that 
" JPtfT&d^ for the activation 

. or the rapid ly receptor-mediated TRPM5- 

^deple^ 4:*l ' y \:, 7^W"--" 

ieas^ is required for activatioh^ of TRPM5 r^Jses the 
question as to .. 

ionor^orB (1 ^ 
batined ft ^ 

:currer^ 0^ n - 3; --960 ± $58 pA). The onset 
■ and amplitude of tteTRPMSS currents were dependent 

^ ^ in: 

tjie absence of ah^ stimulation (Figures 2B 

and These results indicate that Ca* + is sufficient to. 
a<^vateTftf>M6, 

TTte preceding results suggest that Ca* v is the crucial 
mecfiator of receptbr^rkluc To test 

this proposal directly, we ch^ 
EGTA(1mM)^ performed 
stimaiatog^ 

perfu^: With the . 
maJ histamir^ I E; .o = 3), 

However, perfu^ ceils with EQTA prior to addition 
at historune precluded re^ 
vaiibn^ 

Ismekeyniec1at6r<^re^ 

■wpm& 7' :-r : 7 yC:~, 

Several TRP channels 
;^^ues^ 

.oc^rB th^ However; receptor ^timu^T 

t^no^trt^^^ 



;tb^^u1^0irt>^ 
Addrtion of ar^er c^rm^ 



(100 fiM) yraa. added at tie time indicated. The lower partial: shows 
that addition of 1 mM EGTA to trw recording plpet suppressed the 
Wstanilne-lnc^ceo: WM5 response. 



TRPM Is Voltage Modulated and Ca" Activated 
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Figure TRPM5 Is Activated by Elevations 

. ^ a TRPM5- 

{PWn&aifo cell s^ulatad wtth 1 H M fono- 

■ 'm^m^^t^^t holding potwtiab 

: of t^e currents were extracted from the ramps 

bii^^wf fr©^ represe^^ 

^ or p 

. tft^polrit;- : 

1C)'Cohce^ relationship of 

ihe:TRPM5^ -00 mV. 

. The data wereftt:w«h a W equation, yielding 
an EC» of 30 yML The. numbers of todepen- 
dem axperiments are Indicated In brackets. 
: (D) Summary of the whole-cell current ampli- 
tudes during infusion of the cells with 300 
|iM Sr*% 300 pJA Mri«\ or 10 mM Ba»* » 
-60 mv). 

(q Effects of Ca" on the Bih^b-oharthel cur- 
rents. The upper panel shows sample cur- 
rents obtained from a TJ^S-expresstng 
cell, starting In & ce0-attach«d connguation 
1c/ai the saihe patch wa$ 
cteetf into a bath containing 500 nM tree Caf* 
and then 
. ^ fn>a 

trom acontrd^^ 

TflP^ Afliof t^e canted 
out at a Vv Ot 60 mi/. The sofid and dotted 

: ftwjs reft^,trie Open or dosed states, re- 

■spectiveiy. 
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may have had a minor effect on TfiPMS act^ 

it was not statistically significant (S^ppterrientai Fgure 

ZB;n 6) Moreover, at very Jjl^nS <&rtcer^ 

...: : Ba#i; which lhave beeft r^rted to facifitate activation '. 
of calrrtodulin ^ (Id m^ ttTl, no TRPM5 current was ob- 

' sei^'^^^;^ > ■ 
Theobseivati^ 

: require catrrk>duiin raises tr^ 
by Ca 5 * maybe direct Skich a proposal was supported 
by data obtained from inside^ r^^^ exdsetf torn 



tion f we did rwt observe single chanhel a#Mty ^ (RQiiro 
2E; p = % However, after exdsiori and subsequent 
infrodux^n o*^^ 
rapldffy appearing and c^nc&ite 
: eharihefia^% 



in macroscopic ^ 
100 p* ; ^ 

Single^rtermeJ events wem^ 
concentritioTO ^ 

lirVinsM*^ transfeeted 
celts, we dfd not obsorve channer events r even ai miiljr 



Tno3ar c^tlC^^tipi^ i(Flgure lower pariel; n = 6% 
Thus, rtapr^ars that 

by Ga 2+ or mrc4jgh a protein other than calmodulin that 
Is<*fce1yas^ 

; To ^ of TRPM5, we as- 

sessed the^r^^ shifts In the reversal potential after 
exditftgjng the bath s^utidn dih^nsnt cations (jRg- 
ure 3A). The recotdfngs were peffbrtne^ 
g^I itipo^ ^ 

tallied Si* lisliM^llrBiK. &^^:"f»^Mvwi«Bt: fi&te change in the 
revie^f^ to 0 fihVJ affc$r the 

or 140 mM GsCL However^rep^m ektjrac*H- 
luiari :^^,im^^^^<^ 100 mM MgCfe or 

mm -$0 # of . -53^ mV; r*s&&tody. Based 

on <h^^ Cs\ 

NMCte % jSig^^fiikf yei^s fta* were 1 .0, 1 .0, OA , 
■ $0$, ^ 

In order to doter^^^ permeate any 

app^^^ c^ we per- 

^>niied 1^ excised ihsio^u^rpatches, 
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RgureX TRPWI5 te a Votlage-Mctiuiated 
(Uoitbvafent-SelectKra Cation Channel 

(A) TRPM5^Kpne86ing colla were perfused In 
ths whole-cell mode with acttvattng concen- 
trations of Ca**. Voltage, ramps were appHed 
from 60 mV to -100 rhV after oxdiange of 
the standard bath solution with isdirtfoha con- 
taining fl j 140 rriM tteiCi. (2) 1 40 mM KCI. (3) 
100 GaO,, or (4) 140 mM NMDG*CI, 

(B) Curr^-yolt^ 

daed patches In m bath solution contelrUrtg 
140 mW MoiCl find 100 |ittt CaK the ftfpet 
saMpnii c^teincidieiftwir (1i IQOmW CaCV 

trae^ frbr^^ri;^ Cabfe 

at 60, 0^ -60, and '^^•my; ; ■ 

(C and Dj OTpjwS^kpra^oln^ :bcilte. were per- 

: &e.^ Insets. 
:/^ify>^wi^ : te&:&Q^fMS chaSenged. 
wttfrvort^ etejie -ibp.io 100 roV, and 
stepped "t6 : '^'80 mV, ^lh^ shpwa thetefl 
curr^-vbll^ relations *ras-.efc- 
trac^fro^ (®. : fit ty-an 

«xjk>nefTtial: (D) The cetl was stepped from 
0 to 100 mV and owposod to different test 
potott^ ranging from -100 to 60 mV. 



which were exposed to 100 pM Ca 2+ in a M-Ml' 
bath sdfution. In the presence of either CaCI* or MgCk 
as the main ca^ortis in the pipeit solution tlhe outward 
currents were clearly de^ec^te, but no imftra^ currents 
were observed at negative holding potentiate {Figure 
3B; tnset shows ait experiment wfth iOOnik CaCy.The 
average single channel conductance in these experi- 
ments (at 60: mV) was 23 pS, which was in agreement 
with the stop® conductance 23 pS that we found in 
separate experiments analyzing sirtQle-chanhels inthe 
ceU-at&c^iml^ 

23 pS* monovaSent-seiectivia cation channel thai ityopfy 
disc^inrilhates tDetweenr mc^ .waii^-'^^p^ 
eludes divaSent <^k)ns,; ;, . 
■. - *Cori&^ 
operrpttrt^ 
<Jep^e^c&;^^ 
tfoniHd^ 

etibri;^ 

In addition, lwws was associated with prortbunced tail 
currents when the voltage stepped to ^80 mV from a 
positive potential. The stead^state activation, as deter- 
mined by analysis of the amplitude off the tail currents, 
was steeply voltage dependent and best fit by an expo- 
nential curve (Figure 3C, tnset). In addition, the tail cur- 
rents after a step to the same potential were slightly 
slower at more positive potentials (Fcgure 3D). 

the TRPRfl protein that shares the greatest sequence 
identity with TR^ 

TRPM4 is expressed as two rsotorms* one of which, 
TfiPfcUb, Is a CAW [9]. Howevet/e^fessiw 
results in small cuiTents that are not consistently ob- 
served (Figure 4C, irts^ n;F 4/^/TherefoW^ 
duced TRPiVWb in 293T ceils and sddr^sed wr^ther it 
displays voltage modulation similar to that of tftPRflS. 



We found '-l^-^-WPtMb Currents showed voltage 
modulation (Figure 4B) t although they had slower relax- 
ation k^ettcsthanTRPE^currer^ Asw 
TOPtwib tail currents were best fit ; by the sum of two 
exponentiais. stot^: 

a \kma constant oJ 9.1 -.± ms (n 6) and 2a0 ± 2*4: 
ms <n 6t) fofrM^ respectively. Thus» 

although both channels were voltage modulated, the 
voltage relaxation Idhefes w^ approximately 3-fold 

th^:TR|W to 

^ao^^^ rf A iHRtfc& 'ad : i«elb ; as 

■ ' * : ■" (CAftSs) . 

' ■ attb wtf^ nqhexeft- . 

ablec^feas^ 

sensbiyceii%a^ 

(18,: HCljc CAM^ have been implicated in such diverse 
phenomena ^to.stow-6^.iatlbrtsf in the thalamocortt- 
cal neurons during sleep [20], the firing properties of 
pyramidal cells in the cortex [21], and stgnaQng In 
cardiomyocytes [22, 23], Despite extensive analyses of 
CAMs, fhechannels responsible for these conductances 
have been elusive.. , 

: 7Rpy4b;p : an^ 

of GAMs. thesi^ Inclucfe slngle-channeJ conductances 
bet^eett ^ ar^ tor 
morto\raientcations, andlowp«mieabi%toC^ + .C^er 
trwn ; 1flP^4t oirter charmers 

d^scribeaci wfth; ^ W0 tftP 

channels a^^ cancfidates 
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' Figure 4* • Human TRfWb b a VCAM SfmB&r to TRPW15 
(Af A TRPM subfEmay phytogenetk; tree calculated T&mh the Ousts) 
algorithm. Tha GenBank secession numbers arti fcdtcated. The ac- 
cession numbers forhTpPM4bartd mTRPftlSobtamecl m tha current 
repwt fira A Y287Q45 and AY290304, res^Jtfvefc 
P).TR^b:^vofta^ cell 
was pmocUvatod tyirrfusk^ 

stefp pamd^gm, -^micKi.wte'dfritfiar to ^Ma£ fn ftgute 3C fns^t)» was . 



iCjA^thrattohofTW 

tor-^ctf^eted : . whofe**a ctirrtrirt In - TT^^fr^tpfes^; ^ cell : 



thatcou^ac^ 
: vide .9 mechanism for respond to 

Max levels of 

magnitude of Ca?t influ* Indirect through effects on 
the.mem^^ ■ v.-- :: 

l^ffndlr^^ 
vated and; fr&cttvate&w 
the possibiliiy 

which hate been dc&cH^fne 
airy do not lh- 

dudo analyses of current/vofta^ roiaiiohsrtips at a vari- 
ety of potentials; therefore, tha voltage regulation would 



haye^ 
:<$ojv$ifo^ 

:,sj^se:to agonist stimulation have; hot toesfi previously 
reported for TRP chann©^ such feature ara ha^ 
• off ^-activate<j -Clr'dilMifi^'/^-' 

Because^ 
terestihg to adcfre$$ vvhe^er mo TRPM5 knockout mta© 
[3j iekhtelt caix^ ;^ythm s^rh^rns, 
cortical fmctJon, of other processes suggested to de- 
pend on CAMs. Furthermore^ 
tfgatiha the currents \lrt^^ 

receptor cells by examining tha cu^rentA^lts^e relation- 
ships and other prt^^ tn tine 
present report The Wures of W 
seem to make it wefl suited f6r responding to changes 
. in manibrahe potential and fluids in ="CaSr**V as occurs 
during sensory transduction. Thesa incJucfe the high 
sensprity to receptor simulation, vc^ta^o-regiilation, 
tha virtual absence of 

tive acthfity tfie abiif^ to sense a rise in Ca*+ without 
conducting Ga*+, and tha rapid kine^tfe ot actfvation 
and deactivation, 

Supptemental Eteto 

Suppterhental Eaperfmantal Procedutoa aa wetl as three a&fittonfi! 
;figuresf are i «*tfsBabte wfth this crticte online at m^/vim/Mfmtl' 
;btolbgy.co^ccm^ 
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